Infection with wild-type Listeria monocytogenes activates a host cytosolic surveillance response characterized by the expression of beta interferon (IFN-␤). We performed a genetic screen to identify L. monocytogenes transposon insertion mutants that induced altered levels of host IFN-␤ expression. One mutant from this screen induced elevated levels of IFN-␤ and harbored a Tn917 insertion upstream of lmo0558. This study identified lmo0558 as the 6-phosphogluconolactonase gene (pgl), which encodes the second enzyme in the pentose phosphate pathway. pgl mutant L. monocytogenes accumulated and secreted large amounts of gluconate, likely derived from labile 6-phosphogluconolactone, the substrate of Pgl. The pgl deletion mutant had decreased growth in glucose-limiting minimal medium but grew normally when excess glucose was added. Microarray analysis revealed that the pgl deletion mutant had increased expression of several ␤-glucosidases, consistent with known inhibition of ␤-glucosidases by 6-phosphogluconolactone. While growth in macrophages was indistinguishable from that of wild-type bacteria, pgl mutant L. monocytogenes exhibited a 15-to 30-fold defect in growth in vivo. In addition, L. monocytogenes harboring an in-frame deletion of pgl was more sensitive to oxidative stress. This study identified L. monocytogenes pgl and provided the first link between the bacterial pentose phosphate pathway and activation of host IFN-␤ expression.
Listeria monocytogenes is a gram-positive, food-borne facultative intracellular pathogen that causes invasive, life-threatening infections, mainly in pregnant women, newborns, the elderly, and the immunosuppressed (39) . In addition, L. monocytogenes has been studied for decades as a model pathogen, illuminating many aspects of host-pathogen interaction. The cell biology of its intracellular life cycle has been particularly well characterized. After phagocytosis by a macrophage, L. monocytogenes rapidly escapes from the phagosome into the cytosol, an event mediated by the pore-forming cytolysin listeriolysin O (29) . L. monocytogenes is well adapted to its cytosolic niche, possessing virulence factors that allow utilization of cytosolic sugar sources and polymerization of host actin to move from cell to cell (4, 25) . It is evident that L. monocytogenes has evolved specific mechanisms to grow in the host cytosol; however, the presence of cytosolic L. monocytogenes triggers a host innate immune response. Upon entry of L. monocytogenes into cells, a host cell cytosolic surveillance pathway is activated, including a transcriptional program that leads to the robust expression of beta interferon (IFN-␤) (19, 22, 23, 34) . However, the host and bacterial components responsible for the activation of the cytosolic surveillance pathway remain largely unknown.
Our lab previously performed a genetic screen to identify L. monocytogenes transposon insertion mutants that induced enhanced or diminished activation of the host cytosolic surveillance system (6) . We found that bacterial multidrug resistance transporters (MDRs) of the major facilitator superfamily (MFS) played a pivotal role in activation of the cytosolic surveillance pathway (6) . Several other intracellular bacterial pathogens, including Francisella tularensis, Mycobacterium tuberculosis, Legionella pneumophila, and Brucella spp., activate a similar host immune response. In each case, induction of this host pathway requires live bacteria, and in the latter three cases it is associated with auxiliary secretion systems (10, 28, 32, 33) . These data suggest that bacterial auxiliary secretion systems, including MDRs, are necessary to trigger the host cytosolic surveillance pathway. However, the identities of the bacterial molecule(s) and the host receptor(s) involved in activation of host IFN-␤ by these bacterial secretion systems are unknown, although bacteriolysis cannot be ruled out since bacterial DNA activates a similar host response (16, 33) .
In this study, we characterized an L. monocytogenes mutant harboring a transposon insertion upstream of lmo0558, which is predicted to encode a protein with homology to 6-phosphogluconolactonase (Pgl), the second enzyme in the oxidative branch of the pentose phosphate pathway (PPP) (Fig. 1d) . The PPP is an alternate pathway for the metabolism of glucose-6-phosphate and is used primarily to regenerate a cell's supply of NADPH and to produce the ribose-5-phosphate used in the biosynthesis of a variety of critical molecules, including nucleic acids (31, 40) . The first committed step of the PPP is accomplished by glucose-6-phosphate dehydrogenase (Zwf), which catalyzes the conversion of glucose-6-phosphate into 6-phosphogluconolactone. 6-Phosphogluconolactone spontaneously degrades into 6-phosphogluconate, the product of the second, Pgl-catalyzed reaction of the PPP (14) . Therefore, Pgl, though likely important for the optimal efficiency of the PPP, may not be essential (13, 14) . In Escherichia coli, disruption of pgl (ybhE) results in accumulation of the Pgl substrate, 6-phosphogluconolactone (14) , a reactive electrophilic molecule (20, 27) and a potent inhibitor of bacterial ␤-glucosidases (36) . In an E. coli pgl deletion mutant, the accumulating 6-phosphogluconolactone is dephosphorylated and exported, where it subsequently hydrolyzes to form gluconate (14) . In this study, we present the identification of L. monocytogenes pgl and the initial characterization of a pgl deletion mutant in vitro and in vivo.
MATERIALS AND METHODS
Bacterial strains. The L. monocytogenes strains used and generated in this study were all in the 10403S or the 10403S mdrM deletion mutant (DP-L5444) background (6) . The Tn917 mutant with insertion between lmo0558 and lmo0559 (DP-L5524), the lmo0559-deleted strain (DP-L5509), the pgl-deleted strain (DP-L5507), and the pgl mdrM double deletion strain (DP-L5532) are described in Results. In-frame deletions of L. monocytogenes genes were generated using splice overlap extension-PCR and allelic exchange, as previously described (3, 30) .
Source of mice. C57BL/6 mice were obtained from The Jackson Laboratory. MyD88/Trif Ϫ/Ϫ mice were obtained from G. Barton, University of California, Berkeley.
Infections and analysis of gene expression in macrophages. A total of 4 ϫ 10 6 L. monocytogenes organisms were used to infect 0.7 ϫ 10 6 macrophage cells per well, seeded on 35-mm six-well tissue culture plates. These numbers resulted in infection of one to two bacteria per cell. Thirty minutes after addition of bacteria, macrophage monolayers were washed three times with phosphate-buffered saline (PBS) and fresh medium was added. At 1 hour postinfection (hpi), gentamicin was added to 50 g/ml to kill extracellular bacteria. Unless indicated otherwise, RNA was collected at 4 hpi for further analysis. Induction of IFN-␤ by macrophages analyzed by real-time quantitative reverse transcription-PCR (qRT-PCR), as described previously (11) . t tests (with equal variances assumed) were used for statistical analysis and were performed using the Microsoft Excel analysis package add-in feature, as previously described (16) . P values are noted in the figure legends.
Bacterial intracellular growth curves. Bacterial intracellular growth curves were determined as described previously (26) . Briefly, 2 ϫ 10 6 bone marrowderived macrophages were infected with 4 ϫ 10 5 CFU of L. monocytogenes from an overnight culture. Thirty minutes after addition of bacteria, macrophage monolayers were washed with PBS. At 1 hpi, gentamicin was added to 50 g/ml to kill extracellular bacteria. At different time points postinfection, three coverslips were taken and washed with water to lyse host cells. Bacteria recovered from each coverslip were plated on brain heart infusion (BHI) plates, and the number of CFU was determined.
In vivo infections. C57BL/6 mice (The Jackson Laboratory) were infected with 1 50% lethal dose (LD 50 ) (1 ϫ 10 5 CFU) of wild-type (wt) L. monocytogenes, the pgl deletion mutant, or the pgl deletion mutant complemented with pgl on pPL2, and organs were harvested at 48 hpi, as previously described (1) .
Growth of L. monocytogenes in minimal medium. wt and pgl deletion mutant L. monocytogenes were grown in a defined minimal medium, as outlined by PhanThanh and Gormon (12, 24) , with the one exception that 2.5 mg/liter of adenine 
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LISTERIA PENTOSE PHOSPHATE PATHWAY AND INNATE IMMUNITY 3015 was used. This medium is referred to in this paper as "excess-glucose" medium. Glucose-limiting medium was identical to excess-glucose medium except with a 10-fold-lower concentration of glucose (1 g/liter instead of 10 g/liter). For the addition of "excess glucose" to a glucose-limiting culture, glucose was added to a final concentration of 10 g/liter. Sensitivity of L. monocytogenes to oxidative stress. BHI agar plates were spread with 100 l of a mid-log-phase BHI bacterial culture and allowed to dry. Filter paper disks (7-mm diameter) were soaked with defined amounts of hydrogen peroxide, diamide, or carbenicillin (see Table 2 ). The presoaked filter disks were then applied to the plates described above (9) at four per plate, and the plates were incubated at 37°C. The diameter of the zone of growth inhibition around each filter was measured after 24 h of growth. t tests (with equal variances assumed) were used for statistical analysis and were performed using the Microsoft Excel analysis package add-in feature, as previously described (16) .
Analysis of radiolabeled glucose metabolism in wt and pgl deletion mutant strains by TLC. L. monocytogenes cultures were synchronized and grown to an optical density at 600 nm (OD 600 ) of 1.6. Aliquots (1 ml) were resuspended in an equal volume of PBS and labeled with 2.5 Ci of either [1- 14 C]glucose or [U-
14 C]glucose for 1 h at 37°C. Cell-free supernatants were analyzed by thinlayer chromatography (TLC), eluting with water-isopropanol-ammonium hydroxide (2:6:1) as the developing solvent. Radioactivity was quantified using phosphorimaging followed by densitometry. TLC plates were glass-backed Silica Gel 60 HPTLC plates from EMD Chemicals (Gibbstown, NJ).
Mass spectrometry analysis of pgl deletion mutant-secreted metabolite. L. monocytogenes cultures were grown to an OD 600 of 2.0 in BHI broth. Cultures (35 ml) were transitioned to a solution of 0.5% glucose and incubated at 37°C for 2 h. Cell-free supernatants were lyophilized, resuspended in 300 l deionized water, and analyzed by quadrupole time-of-flight mass spectrometry (Q-Tof Premier; Waters, Milford, MA).
Microarray analysis of L. monocytogenes gene expression. Oligonucleotides for L. monocytogenes arrays were synthesized by The Institute for Genomic Research (TIGR), and the arrays were printed at the UCSF Center for Advanced Technology. Exponentially growing BHI cultures of wt and pgl deletion mutant L. monocytogenes (OD 600 of 0.5) were filtered and frozen in liquid nitrogen. Bacteria were washed off the filter, and bacterial RNA was isolated using phenolchloroform extraction. Bacterial RNA was amplified using the MessageAmp II Bacteria Prokaryotic RNA kit (Ambion). Microarrays were gridded using Genepix and SpotReader and analyzed using Acuity software (6, 16) . Genes that showed at least a twofold and statistically significant difference (by significance analysis of microarrays [38] with a false-discovery rate of 1.3%) from wt gene expression were selected for further discussion. Each sample was analyzed in duplicate.
RESULTS
Deletion of a previously uncharacterized L. monocytogenes gene results in increased activation of a host cytosolic surveillance pathway. We recently performed a genetic screen to identify L. monocytogenes Tn917 mutants that triggered altered expression of IFN-␤ from infected host cells (6) . One mutant identified in the screen had a Tn917 insertion between two predicted genes, lmo0558 and lmo0559 (Fig. 1a ). An in-frame deletion of lmo0558 recapitulated the phenotype seen with the Tn917 mutant, whereas a mutant with an in-frame deletion of lmo0559 induced the same levels of IFN-␤ as wt L. monocytogenes (Fig. 1b) . Complementation of lmo0558 cloned into an integration vector (15) restored the IFN-␤ induced by the lmo0558 deletion mutant to wt levels (Fig. 1c) . Activation of IFN-␤ by wt L. monocytogenes and the lmo0558 mutant was largely independent of the Toll-like receptor adaptors MyD88 and TRIF (Fig. 1c) (19) . These results indicated that the lmo0558 mutant induced increased activation of the cytosolic surveillance system.
Growth of the lmo0558 mutant in vitro. lmo0558 is homologous to E. coli K-12 pgl (ybhE) (38.9% similar and 22% identical), which encodes 6-phosphogluconolactonase (Pgl), the second enzyme in the oxidative branch of the PPP (Fig. 1d ) (35) . As one might expect from deletion of a prominent metabolic gene, the lmo0558 deletion mutant grew to a substantially lower OD than wt L. monocytogenes in glucose-limiting minimal medium (12, 24) (Fig. 2) . This defect was rescued by the addition of glucose to the culture (Fig. 2c) or during growth in excess-glucose medium (Fig. 2b) . Surprisingly, wt L. monocytogenes and the lmo0558 deletion mutant grew at identical rates in glucose-limiting minimal medium, but the mutant ceased replicating earlier than the wt (Fig. 2b) . Abortive growth was not due to an inability of this mutant to grow to a higher OD, as the wt and the deletion mutant grew to identical ODs in medium containing excess glucose. Similarly to the case for the glucose-rich medium, growth of the lmo0558 deletion mutant was indistinguishable from that of wt bacteria inside of macrophages (Fig. 2d) .
The lmo0558 deletion mutant accumulates and secretes a glucose-derived metabolite. E. coli pgl deletion mutants are unable to catalyze the conversion of 6-phosphogluconolactone into 6-phosphogluconate, and the flow of glucose through the PPP is arrested at 6-phosphogluconolactone (14, 35) . This accumulated metabolite is dephosphorylated (presumably inside the bacterium), and the resulting gluconolactone is exported into the medium (14) . To determine if the lmo0558 deletion mutant secreted a metabolite derived from glucose, we suspended growing cultures of the wt or the lmo0558 mutant in PBS that contained a trace amount of 14 C-labeled glucose, either labeled on C-1 or universally labeled on each carbon. The lmo0558 deletion mutant had a glucose-derived metabolite in the cell pellet that was absent from the wt (Fig. 3) . In addition, while wt L. monocytogenes did not secrete a detectable amount of this metabolite, the lmo0558 deletion mutant secreted it in abundance (Fig. 3 ).
14 C labeling of the secreted metabolite was the same regardless of whether glucose was universally labeled or labeled only on C-1. Therefore, deletion of lmo0558 resulted in the accumulation and secretion of a glucose-derived metabolite that retained the original C-1 of glucose. This observation was specific to the lmo0558 mutant, as the previously described hyper-IFN-␤-inducing marR deletion and tetR::Tn917 mutants did not exhibit enhanced secretion of a glucose derived metabolite (Fig. 3) (6) .
Identification of the secreted glucose-derived metabolite as gluconate and identification of lmo0558 as pgl. Mass spectrometry was used to identify the glucose-derived metabolite. While glucose was observed in supernatants from both the wt and lmo0558 deletion strains, a second molecule at m/z 195.1 was observed only in supernatant from the lmo0558 mutant strain (Fig. 4) . Accurate mass measurements and collision-induced dissociation confirmed the identity of the metabolite at m/z 195.1 as gluconate (Fig. 4 and data not shown) . Thus, the metabolic phenotype of the lmo0558 mutant mirrors the phenotype of an E. coli pgl deletion mutant. In the E. coli pgl deletion mutant, the accumulating 6-phosphogluconolactone is dephosphorylated and the resulting gluconolactone is exported. Subsequently, the vast majority of the labile gluconolactone spontaneously hydrolyzes to gluconate (14) . Indeed, the half-life of gluconolactone is estimated to be only 10 min (5). Due to practical considerations (see Materials and Methods), the vast majority of gluconolactone in our samples would have hydrolyzed to gluconate; therefore, we were unable to differentiate between gluconolactone and gluconate. These data provide compelling evidence that lmo0558 encodes 6-phosphogluconolactonase, and it will now be referred to as pgl.
pgl deletion results in increased expression of bacterial ␤-glucosidases but no change in expression of bacterial MDRs. To determine the global effect that deletion of pgl had on L. monocytogenes gene expression, we used microarray analysis to compare total gene expression of wt and pgl mutant mid-log-phase bacteria. The most striking finding was that the pgl deletion mutant had increased expression of several predicted ␤-glucosidases, which accounted for 4 out of the 10 most significant differences in gene expression (Table 1) . Upregulation of ␤-glucosidases is consistent with the observation that 6-phosphogluconolactone is an inhibitor of ␤-glucosidases, and pgl mutant L. monocytogenes may have increased expression to compensate for the inhibitory effect of the accumulating metabolite. There was no increase in the expression of the bacterial MFS family transporters that were previously shown to contribute to the induction of IFN-␤ (6).
pgl deletion enhances activation of host IFN-␤ expression independently of mdrM, and L. monocytogenes mutants overexpressing MFS transporters do not secrete a glucose-derived metabolite. While the enhanced IFN-␤ induction by the pgl deletion mutant was not due to an increase in expression of either of the IFN-␤ inducing MFS transporter genes, mdrM or mdrT, it was still possible that gluconolactone and/or gluconate depended on these transporters for secretion. To address this possibility, we used 14 C-labeled glucose to determine whether strains overexpressing MFS transporters (tetR::Tn917 and marR deletion strains) exported a glucose-derived metabolite. Figure 3 clearly shows that overexpression of these transporters did not result in increased secretion of any detectable glucose-derived metabolite.
We next used a genetic approach to more conclusively test for an interaction between pgl and L. monocytogenes mdrM. The only MFS transporter involved in the activation of IFN-␤ by wt L. monocytogenes, and the only one expressed at a detectable level, is mdrM. If mdrM was required for the increased induction of IFN-␤ by the pgl deletion mutant, then a mdrM pgl double deletion mutant would induce an amount of IFN-␤ equal to that of the mdrM deletion mutant alone. Instead, deletion of pgl in the mdrM deletion background rescued the IFN-␤ induction by the mdrM mutant to wt levels (Fig. 5) .
Growth of the pgl deletion mutant in mice and sensitivity to oxidative stress. To test the role of pgl in L. monocytogenes growth in vivo, we infected mice intravenously with wt or pgl mutant L. monocytogenes. At 48 h after infection of mice with 1 LD50, the pgl deletion mutant exhibited a 15-to 30-fold growth defect in the liver and spleen (Fig. 6) . Interestingly, Salmonella enterica serovar Typhimurium mutants lacking a functional PPP also display decreased growth in (18) and increased sensitivity to oxidative stress (18) , likely due to the critical role that the PPP plays in regenerating reducing power in the form of NADPH (40) . Therefore, we used a disc diffusion assay (9) to examine the sensitivities of wt and pgl mutant L. monocytogenes to hydrogen peroxide and the thiol oxidant diamide (37), or to the bactericidal antibiotic carbenicillin as a control. The results ( Table 2 ) clearly show that the pgl deletion mutant was more sensitive to diamide and hydrogen peroxide but not to the antibiotic control.
DISCUSSION
The results of this study identified the gene for 6-phosphogluconolactonase in L. monocytogenes and showed that deletion of this gene enhanced activation of a host cytosolic surveillance system. This is the first report that provides a link between the bacterial PPP and activation of a host innate immune response.
L. monocytogenes lacking pgl exhibited decreased growth in glucose-limiting medium, a phenotype not reported for E. coli pgl mutants. In E. coli, disruption of pgl results in the accumulation, dephosphorylation, and export of 6-phosphogluconolactone (14) , but subsequently, the extracellular gluconolactone spontaneously hydrolyzes into gluconate. It was therefore reasonable to expect that the L. monocytogenes pgl deletion mutant similarly secreted gluconolactone, though we detected gluconate rather than gluconolactone by mass spectrometry, perhaps due to the short half-life of gluconolactone (approximately 10 min) (5) . Since E. coli can grow on gluconate as a 
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LISTERIA PENTOSE PHOSPHATE PATHWAY AND INNATE IMMUNITY 3019 sole carbon source, E. coli pgl mutants can import the accumulated extracellular gluconate and feed it back into central metabolism (14) . In contrast, L. monocytogenes cannot grow on gluconate (data not shown), which likely explains the growth defect of the pgl deletion mutant. In the L. monocytogenes pgl deletion mutant, the glucose-6-phosphate that enters the PPP is essentially discarded, resulting in inefficient use of available glucose. It is surprising that L. monocytogenes cannot grow on gluconate, since a related gram-positive bacterium, Bacillus subtilis, has the ability to grow on this metabolite as a sole carbon source (8) . However, upon closer examination, it appears that L. monocytogenes lacks the gluconate permease that is present in B. subtilis (8) , and this may account for both the inability of L. monocytogenes to use gluconate as an energy source and the growth defect seen for the pgl deletion mutant in glucose-limiting medium. After growth in rich medium, microarray analysis revealed that pgl mutant L. monocytogenes had increased expression of several ␤-glucosidases compared to the wt. We speculate that this is due to the known inhibition of ␤-glucosidases by 6-phosphogluconolactone (36) , the substrate of Pgl that is predicted to accumulate in its absence. In E. coli lacking pgl, 6-phosphogluconolactone is dephosphorylated prior to its export and hydrolysis into gluconate (14) . Similarly, for the L. monocytogenes pgl deletion mutant, the gluconate that accumulated in the supernatant was not phosphorylated. Interestingly, the most highly expressed gene in the L. monocytogenes pgl deletion mutant, compared to the wt, was lmo2699, an uncharacterized gene with homology to the HAD superfamily of enzymes, the majority of which are involved in phosphoryl group transfer (2) . We speculate that this gene encodes a phosphatase responsible for dephosphorylating 6-phosphogluconolactone prior to export.
Prior to this study, the only known L. monocytogenes genes contributing to the activation of host cell IFN-␤ were those encoding bacterial MFS transporters. However, deletion of pgl had no effect on the expression of any member of this family of MDRs (Table 1 ). In addition, overexpression of MFS transporters did not result in secretion of gluconolactone/gluconate (Fig. 3 ). However, it remained possible that an L. monocytogenes MFS transporter was required for the pgl deletion mutant to induce increased activation of the host immune response. For example, deletion of pgl and the resulting accumulation of 6-phosphogluconolactone could lead to inhibition of another biochemical pathway, resulting in increased abundance of the MDR substrate. To test this, we made a double deletion of pgl and mdrM, which encodes the only known IFN-␤-inducing MFS transporter that is expressed in wt L. monocytogenes (6) . Interestingly, deletion of pgl resulted in enhanced activation of IFN-␤ independently of mdrM, implying that there may be multiple mechanisms, and possibly multiple ligands, that stimulate the expression of host IFN-␤. The mechanism by which the pgl deletion mutant induces enhanced IFN-␤ expression from host cells is unclear. One intriguing possibility is that the host can sense the accumulation of gluconolactone and/or gluconate in the cytosol. While 6-phosphogluconolactone and 6-phosphogluconate are normally present in the host cytosol as intermediate metabolites in the mammalian PPP, the dephosphorylated versions of these metabolites are unlikely to be produced in mammalian cells. Our lab is currently investigating a potential role for these foreign metabolites in activation of host IFN-␤ expression; however, addition of gluconate or gluconolactone extracellularly, and initial attempts to transfect these molecules into cells, yielded negative results (data not shown).
Deletion of L. monocytogenes zwf (Fig. 1d) would eliminate use of the oxidative branch of the PPP and its associated metabolites; however, we were unable to make a zwf deletion or a zwf pgl double deletion, indicating that this gene may be essential. In E. coli, a pgl mutation severely attenuates, but does not completely block, the PPP, likely due to spontaneous degradation of 6-phosphogluconolactone into 6-phosphogluconate (14) . We speculate that L. monocytogenes requires reducing power generated by the PPP but can survive with the basal amount generated in the absence of pgl.
Expression of several L. monocytogenes transporters was upregulated in the pgl deletion mutant, including phosphotransferase systems and two predicted ABC family MDRs (Table 1) . While phosphotransferase systems are generally involved in carbohydrate import, they are also implicated in the export of nonmetabolizable sugars (21) . The results outlined above suggest that the export of a metabolite and the increased expression of bacterial transporters presumably involved in its export led to increased activation of the host cytosolic surveillance pathway. Indeed, a connection between bacterial export and activation of the host cytosolic immune response would be consistent with the pivotal role played by L. monocytogenes MFS transporters in the activation of a similar innate immune pathway (6) . Perhaps the increased expression of several different promiscuous bacterial export systems can lead to the release of a stimulatory bacterial molecule(s) into the host cytosol. In addition, a connection between L. monocytogenes transporters and activation of a cytosolic surveillance pathway would be consistent with the pivotal role played by bacterial transport systems in the activation of a similar immune response by L. pneumophila (33) , Brucella spp. (28) , and M. tuberculosis (32) .
Finally, we concluded that pgl played no measurable role during L. monocytogenes intracellular growth in vitro but was required for efficient growth in vivo. An explanation for this discrepancy is unclear. The fact that the pgl deletion mutant grew like the wt inside of macrophages implies either that glucose is not limiting in the macrophage cytosol or that L. monocytogenes is capable of growing on a cytosolic host carbon source other than glucose, as has been previously suggested (7) . The reason for the decreased ability of the pgl deletion mutant to grow in vivo is unclear and will require further investigation. The modest increase in expression of host IFN-␤ is unlikely to play a role, as MDR-overexpressing mutants that induced a level of IFN-␤ comparable to that induced by the pgl deletion mutant grew identically to the wt in vivo (6) . One possible explanation is that L. monocytogenes encounters a glucose-limiting environment at some point during growth in vivo and that an inefficient use of available host resources decreases the fitness of the pgl deletion mutant. Alternatively, the accumulation of 6-phosphogluconolactone in the pgl deletion mutant could inhibit the function of an unidentified bacterial enzyme that is important for growth in vivo. Another possible explanation is that enhanced susceptibility to oxidative stress ( Table 2 ) could limit the ability of the pgl deletion mutant to resist reactive oxygen species produced by innate immune cells such as neutrophils and macrophages. However, we did not detect any defect in the infection of bone marrowderived macrophages (Fig. 2d ) or in thioglycolate-elicited peritoneal macrophages in the presence or absence of IFN-␥ (data not shown).
In this study, we present the first link between the PPP of a bacterial pathogen and activation of host IFN-␤ expression. Future work will focus on elucidating the mechanism by which the pgl deletion mutant induces increased activation of host IFN-␤ expression, as well as the role that pgl plays in the growth of L. monocytogenes in vivo.
